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New neurons and glial cells are generated in an extensive germinal niche adjacent to the walls of the lateral
ventricles in the adult brain. The primary progenitors (B1 cells) have astroglial characteristics but retain
important neuroepithelial properties. Recent work shows how B1 cells contact all major compartments of
this niche. They share the ‘‘shoreline’’ on the ventricles with ependymal cells, forming a unique adult ventric-
ular zone (VZ). In the subventricular zone (SVZ), B1 cells contact transit amplifying (type C) cells, chains of
young neurons (A cells), and blood vessels. How signals from these compartments influence the behavior
of B1 or C cells remains largely unknown, but recent work highlights growth factors, neurotransmitters,
morphogens, and the extracellular matrix as key regulators of this niche. The integration of emerging
molecular and anatomical clues forecasts an exciting new understanding of how the germ of youth is actively
maintained in the adult brain.The phenomenon of adult neurogenesis raises fundamental
questions about its biology, including the identity of primary
neuronal precursors, the regulation of cell birth and long-range
migration, and the function of neuronal replacement. Elucidating
the properties of adult neural progenitorsmay also provide direc-
tions for their use in the treatment of brain injuries and neurolog-
ical disorders. In particular, better understanding the regulation
of adult neurogenesis raises new possibilities for effecting brain
repair. Additionally, greater knowledge of the mechanisms of
neurogenesis may improve our knowledge of the etiology of
brain tumors by identifying pathways that affect potential cells
of origin for these malignancies. Here, we will focus on the birth
of new neurons in the adult brain, specifically, themost extensive
niche where neurogenesis occurs.
Two discrete regions of the adult brain continue to generate
new neurons—the walls of the lateral ventricles and the subgra-
nular zone in the dentate gyrus of the hippocampus (Ming and
Song, 2005; Zhao et al., 2008; Kriegstein and Alvarez-Buylla,
2009). Large numbers of immature neurons are generated by
primary progenitors in the walls of the lateral ventricles. These
newly born neuroblasts migrate long distances to the olfactory
bulb (Lois and Alvarez-Buylla, 1994; Carleton et al., 2003). This
extensive adult neurogenic niche is heterogeneous, such that
NSCs in different locations generate distinct types of neurons.
Recent work has also shown that NSCs have a stereotypic archi-
tecture that allows them to simultaneously contact the cerebro-
spinal fluid (CSF) and blood vessels. Therefore, this extensive
adult germinal niche not only includes a subventricular compart-
ment, but also a ventricular zone: we will refer to this region as
the adult VZ-SVZ.
Here, we review how the unique spatial location andmolecular
properties of stem cells and their neighbors affect signaling and
consequently neurogenesis in the adult VZ-SVZ. Contacts with
neighboring cells, the CSF, and the vasculature provide three
major routes for molecular signals to affect neural stem cell674 Neuron 70, May 26, 2011 ª2011 Elsevier Inc.self-renewal and proliferation and the identity of VZ-SVZ-derived
progeny. Many pathways have been shown to alter the composi-
tion of this niche, either by altering the patterns of progenitor
proliferation and division or by directly impacting the migration
of progenitors. We briefly discuss the use of specific gene prod-
ucts as stem cell markers, and the effects of epigenetic and tran-
scriptional events downstream of niche-derived factors. A major
challenge for the field going forwardwill be to understand how the
many signals that have been shown to affect the VZ-SVZ are inte-
grated to maintain this important germinal niche throughout life.
Adult Stem Cells and Their Neighbors
The adult VZ-SVZ exhibits a high degree of organization, with
stem cells themselves as well as other cell types contributing
important features to the niche (Figure 1). The proliferative unit
of the adult VZ-SVZ contains both slowly dividing primary
progenitors (type B cells) and rapidly dividing progeny (type C
cells). Nondividing ependymal cells lining the ventricle are multi-
ciliated, and their motile cilia contribute to the flow of cerebro-
spinal fluid (Spassky et al., 2005; Sawamoto et al., 2006; Carle´n
et al., 2009; Mirzadeh et al., 2010a). Astrocyte-like type B cells
can be subdivided into two types based on differences in their
location and morphology (Doetsch et al., 1997). Type B1 cells
are generally closely associated with ependymal cells, and
frequently extend a small apical process to contact the ventricle
between their cell bodies (Figure 1; Doetsch et al., 1999b; Mirza-
deh et al., 2008; Shen et al., 2008). This apical process contains
a non-motile primary cilium, which extends into the cerebro-
spinal fluid (CSF). Type B2 cells, in contrast, are more frequently
located close to the underlying striatal parenchyma. In the apical
compartment of the VZ-SVZ, type B1 cells form homotypic
connections with each other, as well as heterotypic connections
with the ependyma, through gap and adherens junctions (illus-
trated in Figure 1). Type B1 cells also contact the basal lamina
and extensive vascular network that underlie the SVZ.
Figure 1. The Periventricular Adult Stem Cell Niche
This illustration summarizes recent advances on our understanding of the adult VZ-SVZ niche. The apical ventricular zone and planar surface is shown at top, with
the rest of the VZ-SVZ shown in cross section below. Ependymal cells (E, in beige) are multiciliated, and the basal bodies of these cilia are oriented in the direction
of cerebrospinal fluid (CSF) flow. Ependymal cells form pinwheel-like structures around the apical processes of type B1 cells (shown in blue). Type B1 cells extend
a short, nonmotile primary cilium into the ventricle. These cells maintain contact with the ventricle but disassemble the primary ciliumwhile dividing. Type B1 cells
also frequently extend a basal process with an endfoot that contacts blood vessels (Bv, shown in brown). Type B2 cells, in contrast, have astrocytic charac-
teristics but do not contact the ventricle (shown in lighter blue).
Transit-amplifying type C cells (in green) are found close to type B cells. Dividing C cells are also often found in close proximity to blood vessels (shown at left).
Type B1 cells also contact their more differentiated progeny, the chains of migrating type A neuroblasts (shown in red). Type A cells migrate tangentially in chains
(shown towards right of figure) that ultimately coalesce to form the rostral migratory stream taking these young neurons to the olfactory bulb for terminal
differentiation. The VZ-SVZ also includes extracellular matrix (shaded) that contacts all the cell types in this region, including blood vessels and microglia
(in purple).
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also referred to as transit amplifying cells or intermediate pre-
cursor cells (IPCs) (Kriegstein and Alvarez-Buylla, 2009). Prolifer-
ating type C cells are located close to their progenitors and are
also often in close proximity to blood vessels (Doetsch et al.,
1999a; Shen et al., 2008; Tavazoie et al., 2008). Type B cells also
directly contact type A neuroblasts and form a glial sheath around
chains of these young neurons as they migrate anteriorly toward
the olfactory bulb (Lois and Alvarez-Buylla, 1994; Jankovski and
Sotelo, 1996; Doetsch et al., 1997; Jankovski et al., 1998; Kaneko
et al., 2010). The adult VZ-SVZ also generates oligodendrocyte
precursors labeled by the chondroitin sulfate proteoglycan NG2
and oligodendrocytes, although in much lower numbers than the
type A neuroblasts (Hack et al., 2005;Menn et al., 2006; Komitovaet al., 2009). This niche also includes microglia, the primary
immune cell type present in the brain (Walton et al., 2006; Ekdahl
et al., 2009; Thored et al., 2009). The VZ-SVZ—type B1 cells in
particular—is therefore poised to receive informational inputs via
cell-cell contacts and extracellular signals from ependymal cells,
more committed progenitors, the extracellular matrix, the SVZ
vasculature, the cerebrospinal fluid, and surrounding neural
tissue. Below, we review current evidence on the extensive array
of signals thatmaintain the delicate balance between self-renewal
and proliferation within this long-lived germinal region.
The Elusive Nature of Cell Type Markers in the VZ-SVZ
Type B1 cells have been reported to express several proteins
that distinguish them from other cells within the niche. In additionNeuron 70, May 26, 2011 ª2011 Elsevier Inc. 675
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express markers that have been associated with astroglia or
neural progenitors, including astrocyte-specific glutamate trans-
porter (GLAST), brain-lipid-binding protein (BLBP), connexin 30,
and the cytoskeletal proteins glial fibrillary acidic protein (GFAP),
vimentin, and nestin (Doetsch et al., 1999a; Hartfuss et al., 2001;
Platel et al., 2008a; Pastrana et al., 2009; Nomura et al., 2010).
Ependymal cells express CD24 and S100b, while type B1 cells
do not (Raponi et al., 2007; Mirzadeh et al., 2008; Pastrana
et al., 2009; Beckervordersandforth et al., 2010). Both the epen-
dyma and Type B1 cells have been reported to express promi-
nin/CD133 (Coskun et al., 2008; Mirzadeh et al., 2008; Becker-
vordersandforth et al., 2010; Nomura et al., 2010), a protein
often employed as a stem cell marker (Shmelkov et al., 2005,
2008). However, the CD133 staining of apical endings of type
B1 cells is variable and may be dynamically regulated (Mirzadeh
et al., 2008). The cell surface carbohydrate Lewis X (LeX)/CD15/
SSEA-1 has also been proposed to label the stem cell population
in the VZ-SVZ (Capela and Temple, 2002; Imura et al., 2006;
Shen et al., 2008). The epidermal growth factor receptor
(EGFR) and the transcription factors Ascl1 (Mash1) and Dlx2
are generally used as C cell markers (Doetsch et al., 2002; Parras
et al., 2004), while doublecortin (Dcx) and polysialylated neural
cell adhesion molecule (PSA-NCAM) distinguish Dlx2-positive
young neuroblasts from C cells (Seki and Arai, 1993; Francis
et al., 1999; Yang et al., 2004; Couillard-Despres et al., 2006).
Flow cytometric sorting of dissected adult VZ-SVZ cells
suggests that many of the proteins employed as stem or progen-
itor markers are expressed at particular points along a contin-
uous stem-progenitor-neuroblast cell lineage. While GFAP, for
example, labels type B cells within the VZ-SVZ, GLAST is also
present in a limited number of C cell progeny (Pastrana et al.,
2009), possibly due to perdurance after proliferation of the
primary progenitors. Similarly, the orphan nuclear receptor Tlx,
which was initially thought to be expressed only in nestin-posi-
tive type B cells (Shi et al., 2004), is also transcribed at high levels
in C cells. Mash1 and EGFR are present in a limited number of B
cells, and are now suggested to possibly distinguish a population
of ‘‘activated’’ B cells in addition to the GFAP-negative C cells
(Doetsch et al., 2002; Pastrana et al., 2009; Kim et al., 2011). In
addition, subsequent studies of markers that were suggested
to be exclusive to the progenitor cell compartment, such as nes-
tin, have found that these proteins are more broadly expressed
within the brain (Hendrickson et al., 2011). These results argue
that the large number of putative stem and progenitor cell
markers are likely to identify overlapping but not identical
subsets of adult VZ-SVZ cells, highlighting the need for caution
and accompanying functional studies when assigning biological
characteristics to the stem cell population (for further discussion
of this topic, see Chojnacki et al., 2009). Given that Type B1 cells
have many astroglial characteristics, finding potential markers to
distinguish Type B1 cells from other nongerminal astrocytes
within the SVZ and in the brain parenchyma would be extremely
useful in future studies of this region.
The Origins of the Niche: Development from Radial Glia
Neural stem cells are present transiently at many locations along
the developing neuraxis, as this complex tissue generates the676 Neuron 70, May 26, 2011 ª2011 Elsevier Inc.many cell types required in the mature CNS (Alvarez-Buylla
et al., 2001; Noctor et al., 2007). At birth, the walls of the lateral
ventricles still bear many similarities to the ventricular zone
present in the immature neuroepithelium. They are comprised
mainly of radial glia, progenitors with cell bodies close to the
ventricles and a long radial process that contacts the pial surface
of the brain (Hartfuss et al., 2001; Merkle et al., 2004). Radial glia,
which function as neural stem cells (NSCs) in the embryonic and
fetal brain, generate an immense diversity of neurons and glial
cells within a short period of time—days in the mouse and weeks
in the human—to assemble the central nervous system (CNS).
A select group of radial glia then transform into unique subpop-
ulations of astrocytes that continue to function as primary neural
progenitors during juvenile and adult life. Viral targeting of these
cells via their radial processes, as well as anatomical studies,
have demonstrated that during the next several days of postnatal
development, the radial glia located on the walls of the lateral
ventricles retract their long RC2-positive distal process, lose
RC2 expression, and give rise to the type B1 astrocytes that
become the slow-cycling stem cells of the VZ-SVZ (Merkle
et al., 2004, 2007; Spassky et al., 2005). Lineage tracing of radial
glia by neonatal viral infection also shows that they give rise to
multiciliated ependymal cells, striatal astrocytes, and oligoden-
drocytes, indicating that radial glia are the developmental
predecessors of the adult VZ-SVZ. Type B1 cells have several
characteristics that are reminiscent of their radial glial progeni-
tors—a thin apical process with a primary cilium extending into
the ventricular lumen, a basal process that extends to reach
blood vessels, and behavior that is reminiscent of the
interkinetic nuclear migration observed in the embryo (Doetsch
et al., 1997; Mirzadeh et al., 2008; Shen et al., 2008; Tavazoie
et al., 2008). Therefore, this periventricular germinal niche, previ-
ously referred to as the SVZ, also includes a compartment that
directly contacts the ventricle, reminiscent of the ventricular
zone (VZ) in the embryo.
Ependyma, the Cerebrospinal Fluid,
and the Primary Cilium
Multiple lines of evidence suggest that signals arising from the
ciliated ependymal cells and the cerebrospinal fluid (CSF) in
the ventricle may influence the activity of cells in the adult VZ-
SVZ. The walls of the lateral ventricles exhibit a specific planar
organization: the small apical processes of one or more type
B1 cells are surrounded by a rosette of ependymal cells, forming
pinwheel structures on this surface (Figure 1; Mirzadeh et al.,
2008). This organization is unique to regions of the ventricular
wall where neurogenesis continues throughout life. Interestingly,
B1 cells establish symmetric adherens junctions with other
adjoining B1 cells in the center of pinwheels and asymmetric
contacts with surrounding ependymal cells, highlighting a
possible mechanism for affecting stem cell state via direct adhe-
sive contacts. Mapping of the numbers of ventricle-contacting
type B1 cells along the ventricular surface reveals ‘‘hotspots’’
where large numbers of these cells are observed, suggesting
a possible correlation with sites of stem cell activation or
increased division (Mirzadeh et al., 2008). While it is clear from
lineage tracing experiments that ventricle-contacting astrocytes
are neurogenic, it is not yet known whether ventricular contact,
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neurogenesis. In fact, neurogenic stem cells are present all along
the RMS, where there is no apparent open ventricle (Vicario-
Abejo´n et al., 2003; Merkle et al., 2007; Alonso et al., 2008).
Specifically, the role of CSF components in the regulation of
the proliferation and differentiation of B1 cells remains unknown.
The unique location of the type B1 cell primary cilium contact-
ing the CSF raises several intriguing possibilities for the regula-
tion of stem cell activity. The primary cilium can have amechano-
sensory function, suggesting that the force of CSF flow itself may
exert an influence on the proliferative state of the stem cell (Sin-
gla and Reiter, 2006). The primary cilium also functions as an
antenna for specific signaling pathways—this structure has
been implicated in Hedgehog (Hh), Wnt, and PDGF signaling,
which are thought to occur in this region (Corbit et al., 2005,
2008; Jackson et al., 2006; Eggenschwiler and Anderson,
2007; Rohatgi et al., 2007), and is essential for the formation of
postnatal NSCs in the hippocampus (Han et al., 2008). Mice
carrying reporter alleles for Hh or Wnt activity indicate that
both pathways are active in the adult VZ-SVZ and that stem cells
respond to these pathways (Ahn and Joyner, 2005; Adachi et al.,
2007). Wnt signaling is upregulated under conditions that
promote asymmetrical neural stem cell division, as in reconstitu-
tion of the VZ-SVZ after antimitotic treatment, and has therefore
been suggested to function in maintaining the stem cell pool
(Piccin and Morshead, 2011). A similar role has also been sug-
gested for Wnt signaling in stem-like cells within brain tumors,
with inhibition ofWnt signaling enhancing a differentiated pheno-
type in cultured tumor cells (Zheng et al., 2010). Wnt signaling
may also occur in type C cells: elevated levels of b-catenin,
a downstream mediator of Wnt signaling, result in increased
progenitor proliferation within the VZ-SVZ and an increase in
neurons in the olfactory bulb (Adachi et al., 2007). Similar to
Wnt signaling, Hh pathway activity has been identified in the
slow-dividing stem cell compartment, although it may also occur
in other VZ-SVZ cell types (Ahn and Joyner, 2005). Hh signaling
affects stem cell self-renewal in thematuring VZ-SVZ, and theHh
pathway component Smoothened has also been shown to play
an important role in transit-amplifying cell divisions and neuro-
blast migration (Machold et al., 2003; Palma et al., 2005; Balordi
and Fishell, 2007a, 2007b). Type B1 cells also express the PDGF
receptor alpha (PDGFRa), and exhibit hyperproliferation when
exogenous PDGF ligand is infused into the lateral ventricle (Jack-
son et al., 2006). In all three cases, the source of activating
ligands for these pathways has not been determined, raising
the question of whether these proteins are generated locally,
released into the CSF from other ventricle-contacting cells in
the brain, or delivered to type B1 cells through other mecha-
nisms.
The motile cilia of ependymal cells, which contribute to CSF
flow, also affect the migrating young neurons. Ependymal cells
are required to create gradients of Slit chemorepellents that
guide anterior neuroblast migration from the adult VZ-SVZ
toward the olfactory bulb (Nguyen-Ba-Charvet et al., 2004; Sa-
wamoto et al., 2006). Ependymal cells themselves, as well as
their radial glia progenitors, also exhibit polarization correspond-
ing to the direction of flow (Mirzadeh et al., 2010b). Primary cilia
in progenitor radial glia, motile cilia in immature ependymal cells,and CSF flow all seem to contribute to the organization of planar
cell polarity in development (Guirao et al., 2010; Mirzadeh et al.,
2010b). Interestingly, Slit1 expression within the migrating neu-
roblasts themselves is also involved in opening a migratory
path by inhibiting astrocytic processes from invading the chains
of neuroblasts (Kaneko et al., 2010).
Ependymal cells further contribute to the neurogenic environ-
ment by affecting the activity of bone morphogenetic proteins
(BMPs). BMP2 and BMP4 are present in the adult brain and
type B and/or C cells in the adult VZ-SVZ express both these
ligands and their cognate receptors (Lim et al., 2000; Peretto
et al., 2004). Type B cells can be induced to differentiate both
in vitro and in vivo after treatment with BMPs. BMPs appear to
have distinct roles in the different cell types of the adult VZ-
SVZ. One explanation for these distinct effects may be the local-
ized regulation of BMP signaling via ependymal cell contact with
type B1 cells. Ependymal cells express the BMP inhibitor
Noggin, potentially modulating BMP signaling in stem cells and
creating an environment that is permissive for neurogenesis.
Ectopic Noggin expression appears to enhance neurogenesis
in grafted SVZ cells (Lim et al., 2000). Treatment of stem-like cells
in brain tumor isolates with BMP4 promotes differentiation of
these cells at the expense of self-renewal and neurosphere
formation (Piccirillo et al., 2006). However, additional studies
have found that neurogenesis is dependent on Smad4, a down-
stream effector of BMP signaling, and that infusion of exogenous
Noggin decreases neuroblast production in the adult VZ-SVZ
and increases oligodendrogenesis (Colak et al., 2008). It has
also been suggested that type B cells themselves express
Noggin (Peretto et al., 2004). Taken together, these results
suggest that the levels of BMP signaling within the adult VZ-
SVZ are likely tightly regulated to allow production of differenti-
ated progeny while preserving the stem cell population and
that localized signaling via cell-cell contacts in the niche may
allow BMP/Noggin interactions of different types in different
cells. The studies of the apical surface of type B1 cells and the
ventricular face as a whole highlight the importance of ependy-
mal cells in maintaining the neurogenic function of stem cells
as well as influencing the migration of more differentiated
progenitors. Cerebrospinal fluid influences both the large-scale
organization of the subventricular zone, through its effects on
chain migration, and the subcellular organization of basal bodies
and cilia in ependymal cells and stem cells.
The Underside of the Adult VZ-SVZ: Extracellular Matrix
and Vascular Contacts
In addition to the emerging role of apical contacts with the CSF,
the basal face of the adult VZ-SVZ also presents a potential
source of signals regulating progenitor cell behavior. The adult
VZ-SVZ contains an extensive basal lamina, and early studies
of the proteins expressed in this lamina identified some which
are rare in the adult brain. For example, the extracellular matrix
protein tenascin-C, which is expressed more broadly during
neural development, is most prominent in the adult VZ-SVZ in
the adult brain (Gates et al., 1995). Studies of the anatomy of
this region found that it contains extensive basement membrane
and extracellular matrix (ECM) components, including laminin
and heparan sulfate proteoglycans (HSPGs). These matrixNeuron 70, May 26, 2011 ª2011 Elsevier Inc. 677
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VZ-SVZ (Mercier et al., 2002; Shen et al., 2008). The high degree
of basement membrane organization in the adult VZ-SVZ is
absent in other areas of the brain. HSPGs can directly control
local availability of growth factors such as fibroblast growth
factor (FGF), and have since been suggested to affect prolifera-
tive signaling and progenitor activity (Kerever et al., 2007).
The extensive vasculature underlying the adult VZ-SVZ also
provides a route for interactions between endothelial cells,
blood-borne factors, and neural progenitors. Type B1 cells, in
addition to their apical contacts with the CSF, extend a long
process terminating in an endfoot that directly contacts blood
vessels (Figure 1; Mirzadeh et al., 2008; Tavazoie et al., 2008).
Type C cells, and in particular clusters of proliferating C cells,
are also closely associated with blood vessels, suggesting that
the perivascular environment contains signals that allow
transit-amplifying cell generation or proliferation (Shen et al.,
2008; Tavazoie et al., 2008). Studies using injected tracer mole-
cules indicate that the vasculature in this region is more ‘‘leaky’’
or permissive than the blood-brain barrier in other regions,
possibly allowing signals from the bloodstream to diffuse into
this region and impact the niche (Tavazoie et al., 2008). Endothe-
lial cells themselves may secrete factors that contribute to stem
cell self-renewal or proliferation, and coculture of endothelial
cells has been reported to enhance in vitro neurosphere genera-
tion from embryonic progenitors (Shen et al., 2004). Blood
vessels have also been shown to serve as a scaffold for neuro-
blast migration, potentially through the release of neurotrophic
factors (Snapyan et al., 2009; Whitman et al., 2009). Recent
studies have identified SDF-1/CXCR4-mediated signaling as
one pathway by which endothelial cells appear to promote
progenitor activation, alter the binding of progenitor cells to
laminin in the ECM, and affect neuroblast migration in the adult
VZ-SVZ (Kokovay et al., 2010).
Vascular endothelial growth factor (VEGF) signaling has been
implicated in NSC and progenitor survival, proliferation within
the VZ-SVZ, and neuroblast migration and maturation, high-
lighting a pathway that may be able to act on both VZ-SVZ
progenitors and the vasculature in this region (Zhang et al.,
2003; Scha¨nzer et al., 2004; Gotts and Chesselet, 2005c;
Meng et al., 2006; Wada et al., 2006; Mani et al., 2010; Wittko
et al., 2009; Licht et al., 2010). Angiogenesis elsewhere in the
brain, after tumor growth or injury, has also been reported to
induce proliferation andmigration of neural progenitors (Schmidt
et al., 2009; Harms et al., 2010). After focal ischemia, in addition
to angiogenesis at the site of damage, adult VZ-SVZ-derived
progenitors are proposed to proliferate and migrate to the site
of injury (Arvidsson et al., 2002; Gotts and Chesselet, 2005a,
2005b; Yamashita et al., 2006; Kojima et al., 2010). The close
contact between adult VZ-SVZ progenitors and endothelial cells
is again reminiscent of the embryonic and neonatal brain, in
which neuroepithelial and radial glial progenitors also maintain
basal contacts with the vasculature (Noctor et al., 2001). This
contact also underscores the glial nature of adult neural stem
cells, as astrocytes often maintain close contacts with blood
vessels in the adult brain (Tavazoie et al., 2008). The close con-
tact between type B1 cells and blood vessels suggests that
vasculature-derived signals are important in regulation of neural678 Neuron 70, May 26, 2011 ª2011 Elsevier Inc.stem cells, offering the promising prospect that identification of
these signals could allow therapeutic reprogramming of other
nongerminal areas and subsequent neuronal repopulation in
the injured brain.
Neurotransmitter Regulation of Adult VZ-SVZ
Progenitor Development
In addition to being the birthplace of thousands of young neurons
that likely have tonic secretion of neurotransmitters, the adult
VZ-SVZ could also receive input via projections from neurons
in adjoining or distant regions. A limited number of studies
have focused on neurotransmitters and neural input in the regu-
lation of adult VZ-SVZ neurogenesis and have found roles for
localized signaling via neurotransmitter production (reviewed in
Young et al., 2011). The inhibitory neurotransmitter g-aminobu-
tyric acid (GABA) is produced by migrating type A cells. Type
B cells express GABAA receptor and GABA transporters (Wang
et al., 2003; Bolteus and Bordey, 2004; Liu et al., 2005). GABA
signaling appears to have two roles: it inhibits the proliferation
of type B1 cells and slows the migration of type A neuroblasts.
The production of GABA by immature neuroblasts has been
proposed to act as a negative feedback mechanism to control
proliferation of primary progenitors, which are closely associated
with chains of migrating neuroblasts and are therefore optimally
positioned to respond to changes in local GABA concentration
(Liu et al., 2005). In addition to GABA, the excitatory neurotrans-
mitter glutamate has also been suggested to positively regulate
neurogenesis, potentially by increasing transit-amplifying (type
C) cells. Immunostaining within the adult VZ-SVZ has suggested
that type B cells are a source of glutamate within this region
(Platel et al., 2010). The precise populations of cells that are
responsive to glutamate have not been identified, but cells within
the RMS and olfactory bulb express functional AMPA/kainaite,
NMDA, and glutamate receptors, implying that neuroblasts
may also respond to glutamate and upregulate these receptors
as they move toward the OB (Carleton et al., 2003; Platel et al.,
2007, 2008b, 2010).
Dopamine signaling has also been reported to affect neuro-
genesis in the adult VZ-SVZ. The striatum and nucleus accum-
bens adjoining the region are immunopositive for tyrosine
hydroxylase, indicating the presence of dopaminergic fibers
possibly projecting from the substantia nigra (Baker et al.,
2004). TH-positive dopaminergic neurites have also been re-
ported to contact VZ-SVZ progenitors directly, with a high
percentage of these neurites appearing in association with
EGFR-positive type C cells (Ho¨glinger et al., 2004). Although ex-
isting data argue most convincingly for an effect of dopamine on
type C cells, the precise identification of the VZ-SVZ cells that
could respond to dopamine remains unclear. This is due in part
to the five distinct dopamine receptors, which have been vari-
ously reported to be expressed in type B, C, or A cells (Coronas
et al., 2004; Ho¨glinger et al., 2004; Kippin et al., 2005a; Kim et al.,
2010). However, loss of dopamine within the VZ-SVZ clearly
impacts the region: ablation of dopamine-producing neuronal
populations or treatment with dopamine receptor antagonist
results in decreased proliferation within the VZ-SVZ (Ho¨glinger
et al., 2004; Kim et al., 2010). Other brain regions may also
have fibers that reach the VZ-SVZ, allowing signals from neural
Neuron
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the tuning of the olfactory circuit. The recent identification of
neurons in the ventral forebrain that produce the Shh ligand
and extend processes toward the VZ-SVZ highlights one
example of VZ-SVZ patterning that may rely on more distant
neuronal signals (Ihrie et al., 2011). If innervation from more
distant sources does occur, it would be of great interest to
understand how contacts between neuronal terminals and adult
VZ-SVZ cells are structured and what signaling molecules are
involved in these interactions. The presence of these terminals
frommature neurons in an adult germinal region hints at possible
neural mechanisms for regulation of progenitors. The logic of
how these neural signals may modify the behavior of progenitors
or neuronal output from the SVZ remains unknown.
Growth Factor Signaling in the Adult VZ-SVZ
External signaling pathways, including receptor tyrosine kinase
signaling andmorphogens in addition to those discussed above,
have been implicated in the control of postnatal neurogenesis
in the adult VZ-SVZ. Stem cells were first isolated in vitro and
stimulated to grow as ‘‘neurospheres’’ from cells isolated from
tissue containing the walls of the lateral ventricle (Reynolds
and Weiss, 1992; Morshead et al., 1994). Neurosphere assays,
as well as monolayer culture systems, employ epidermal growth
factor (EGF), basic fibroblast growth factor (bFGF), or a combina-
tion of both (Reynolds and Weiss, 1992; Vescovi et al., 1993;
Scheffler et al., 2005). Early analyses indicated that FGF- and
EGF-responsive cells corresponded to distinct populations
within the VZ-SVZ, and subsequent immunostaining for FGFR
and EGFR has supported this conclusion (Jackson et al.,
2006). Infusion of FGF-2 increased proliferation in the adult
VZ-SVZ, but also resulted in decreased numbers of newly born
neurons, suggesting that FGF-2 might function to maintain the
self-renewing VZ-SVZ population (Kuhn et al., 1997). FGF-2
loss also resulted in a decrease in the slow-dividing stem cell
pool and less neurogenesis (Zheng et al., 2004). EGFR is
primarily expressed on type C cells and a limited number of
type B1 cells, and studies of the EGFR-expressing population
have indicated that most neurospheres arise from the C cell pop-
ulation (Vescovi et al., 1993; Doetsch et al., 2002). Exogenous
stimulation of the EGFR by ventricular infusion of EGF has
striking effects within the adult VZ-SVZ. First, an increased
number of type B1 cells contacting the ventricle are visible by
electron microscopy (Doetsch et al., 2002). Second, VZ-SVZ
cells exhibit increased proliferation, and generate progeny that
invade the surrounding parenchyma (Craig et al., 1996; Doetsch
et al., 2002; Aguirre et al., 2005, 2007; Gonzalez-Perez et al.,
2009). Elevated EGF signaling biases VZ-SVZ cells toward the
oligodendrocytic lineage—rather than giving rise to neurons,
labeled EGF-stimulated progenitors largely differentiate into
oligodendrocytes or oligodendrocyte precursor cells (Gonza-
lez-Perez et al., 2009). The most likely endogenous ligand for
this pathway is transforming growth factor-alpha (TGF-a).
TGF-a-deficient mice exhibit decreased proliferation within the
adult VZ-SVZ, and these proliferation defects can be rescued
in vitro by administration of EGF (Tropepe et al., 1997). More
recently, TGF-a treatment has been suggested to decrease the
percentage of highly motile neuroblasts within the RMS (Kimet al., 2009), but EGFR overexpression in NG2-positive progen-
itors has been reported to increase migration, suggesting that
this pathway may have different functions in distinct cell types
(Aguirre et al., 2005). Intriguingly, the related receptor ErbB4
and its ligands, neuregulin 1 and 2, are also expressed in the
adult VZ-SVZ and have been implicated in progenitor prolifera-
tion and the initiation of neuroblast migration (Ghashghaei
et al., 2006).
The platelet-derived growth factor (PDGF) signaling pathway
also alters stem cell properties and lineage decisions, although
the endogenous source of ligand for this pathway is unknown.
ThePDGFRa is expressedbymostGFAP-positive cellswithin the
adult VZ-SVZ, and PDGF enhances in vitro neurosphere genera-
tion in cooperation with bFGF (Jackson et al., 2006). Infusion of
PDGF, like EGF, induces elevated proliferation in VZ-SVZ cells,
andmany of these progenitors give rise to oligodendrocytes after
ligand infusion has ended. However, PDGFRa staining andEGFR
staining label separate populations of cells within the adult
VZ-SVZ, suggesting that they affect stem and transit-amplifying
populations respectively. Strikingly, PDGF stimulation results in
local hyperplastic growths within the adult VZ-SVZ, rather than
increased invasion of these progenitors into the parenchyma.
As both PDGF and EGF pathways are frequently affected in
human brain tumors, dissecting the differing effects of these
two stimuli on the properties of immature cells may offer insight
into the invasive and proliferative properties of distinct classes
of gliomas. In fact, recent work suggests that deregulation of
proliferation or oncogenic mutations within progenitor popula-
tions of the VZ-SVZ could lead to brain tumor formation (Persson
et al., 2002; Zhuet al., 2005; Zhenget al., 2008;Alcantara Llaguno
et al., 2009; Jacques et al., 2010).
Another subset of the receptor tyrosine kinase family, ephrin
receptors, is also active in the adult VZ-SVZ. Eph receptors
and their transmembrane ephrin ligands function in guidance
of migratory cells and establishment of boundaries in developing
tissues. Within the adult VZ-SVZ, both EphB and EphA receptors
are expressed, and ephrin signaling appears to impact both type
B cell proliferation and type A cell migration (Conover et al., 2000;
Liebl et al., 2003; Ricard et al., 2006). Infusion of EphB2 ligand
results in disrupted and aberrant chains of migratory neuroblasts
and also in increased BrdU incorporation by type B1 cells.
Intriguingly, infusion also appears to increase the number of
stem cells contacting the ventricle, possibly indicating increased
type B1 cell activation. More recently, EphB2 signaling has also
been suggested to act downstream of Notch signaling to main-
tain ependymal cell identity and regulate the conversion of
ependymal cells to astrocytes after injury to the ventricular
face (Nomura et al., 2010). EphA4 signaling has been proposed
to act as an anti-apoptotic signal within the adult VZ-SVZ, as
removal of ephrinB3 in the adult results in increased apoptosis
(Furne et al., 2009).
EGFR signaling has also been proposed to modulate Notch
signaling—a fundamental pathway in nervous system develop-
ment (Aguirre et al., 2010). Notch is essential for maintaining
asymmetric division and stem cell pools in multiple tissues (Mail-
lard et al., 2003; Mizutani et al., 2007). In the adult VZ-SVZ, loss
of Notch signaling compromises stem cell self-renewal, while
activation of this pathway enhances neurosphere formationNeuron 70, May 26, 2011 ª2011 Elsevier Inc. 679
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Numb/Numblike, which inhibit Notch signaling by mediating
degradation of the Notch protein, has also been shown to affect
the VZ-SVZ niche. Acute deletion of Numb/Numbl in nestin-posi-
tive VZ-SVZ cells resulted in extensive defects in maturation of
the neonatal VZ/SVZ, alterations in ependymal cell maturation
and adhesion, and decreased neuroblast survival, likely due to
excess Notch activity (Kuo et al., 2006). Intriguingly, animals
with elevated EGFR signaling in type C cells also exhibited
non-cell-autonomous defects in Notch signaling and elevated
Numb levels in stem cells, suggesting that signaling from the
type C cells may regulate the self-renewal and proliferation of
the type B1 cells through this pathway (Aguirre et al., 2010).
Wnt and Hh morphogens play essential and sometimes
opposing roles in development of the central nervous system
and can act to affect both proliferation and cell fate (reviewed
in Rowitch et al., 1997; Fuccillo et al., 2006; Ulloa and Briscoe,
2007). Both pathways are also active in the adult VZ-SVZ and
affect self-renewal, proliferation, and migration, as discussed
above. To date, it is unknown whether these two pathways
interact functionally in this context. It is possible that Wnt may
act in concert with FGF signaling and/or in opposition to Shh
signaling, as is the case in early nervous system development
(Ulloa et al., 2007; Alvarez-Medina et al., 2008). Going forward,
it will be fascinating to understand how the many growth
factor and morphogen-driven pathways active in the SVZ are
functionally integrated to affect progenitor proliferation and
differentiation. With some exceptions noted above, most of
these pathways have been examined in isolation, and deter-
mining how these pathways interact will be essential to under-
standing the normal regulation of neurogenesis.
Transcription Factors and Epigenetic Regulation
In addition to the wealth of extracellular signaling pathways that
are thought to act within the adult VZ-SVZ, intracellular actors,
including transcription factors, nuclear receptors, chromatin-
modifying complexes, and microRNAs, have been reported to
affect the neural stem cell lineage. The transcription factors
Dlx2, Mash1, and NeuroD1 are all associated with a neurogenic
fate, while Olig2 is primarily gliogenic (Parras et al., 2004; Hack
et al., 2005; Marshall et al., 2005; Menn et al., 2006; Petryniak
et al., 2007; Gao et al., 2009). However, it is still unclear how
niche-provided signals and subsequent intracellular signaling
cascades ultimately result in the expression of specific neuro-
genic or gliogenic transcription factors.
Recent work has highlighted the essential role of epigenetic
regulators such as the chromatin-modifying protein Mll1 and
the microRNA miR-124 in the control of neurogenesis (Lim
et al., 2006, 2009; Cheng et al., 2009). The orphan nuclear
receptor Tlx is also required for neural stem cell self-renewal
and may mediate the repression of cell cycle inhibitory factors
through the recruitment of Bmi-1 (Sun et al., 2007; Liu et al.,
2008, 2010). The expression of epigenetic regulators like Bmi-1
is altered as the organism ages and stem cell function declines
(Molofsky et al., 2003; Molofsky et al., 2006; Fasano et al.,
2009). Although Mll1 and Bmi-1 are broadly expressed within
the VZ-SVZ lineage, both proteins appear to function at specific
points in this lineage to permit division or neurogenesis. These680 Neuron 70, May 26, 2011 ª2011 Elsevier Inc.studies highlight the impact of epigenetic regulators on neuro-
genesis: the epigenetic state of the cell affects its ability to
respond to the extracellular stimuli present in the niche and
initiate programs of maintenance or differentiation. With respect
to both proliferation and fate determination, chromatin modifica-
tion therefore represents an important mechanism for maintain-
ing the adult VZ-SVZ stem cell pool during the lifetime of the
organism. Determining how signaling by niche-provided factors
ultimately drives transcriptional activity will help to develop a
unified understanding of how neurogenesis and stem cell persis-
tence is maintained.
Regional Heterogeneity of the Adult Periventricular
Germinal Niche
Neurogenesis in the adult VZ-SVZ extends over a large area—
approximately six square millimeters in mice. It was unclear
why this large region evolved to support postnatal neuronal
generation and why newly generated neurons had to migrate
so far to integrate into the olfactory circuitry. Clues to the biolog-
ical heterogeneity of the adult VZ-SVZ came from examining
the expression of transcription factors such as Pax6, which is
present in specific subpopulations of migrating neuroblasts
and olfactory bulb interneurons (Hack et al., 2005; Kohwi et al.,
2005). Subsequent experiments using viral targeting or genetic
lineage tracing in neonatal and adult mice revealed that specific
subtypes of interneurons are made within specific adult VZ-SVZ
locations (Figure 2; Kelsch et al., 2007; Kohwi et al., 2007; Merkle
et al., 2007; Ventura and Goldman, 2007; Young et al., 2007).
While superficial granule interneurons are largely generated by
stem cells in the dorsal VZ-SVZ, deep granule interneurons are
primarily derived from the ventral VZ-SVZ. Distinct populations
of periglomerular cells (PGCs) also arise from specific locations
within the anterior and medial adult VZ-SVZ, and a population
of glutamatergic olfactory bulb neurons is derived from the
dorsal SVZ (Merkle et al., 2007; Brill et al., 2009). Intriguingly,
stem cells continued to generate specific types of progeny
even after transplantation or multiple passages in culture, sug-
gesting that the differentiation program for neuronal progeny is
encoded at least in part by cell-intrinsic factors (Merkle et al.,
2007). Although this patterning is present at birth, it is not yet
known at what stage in embryonic development regional speci-
fication in the adult VZ-SVZ is organized, and whether there is a
window of time during development when the fate of stem cell
progeny has not yet become restricted. Subregions of the adult
VZ-SVZ express transcription factors that are involved in
regional specification of the developing brain, suggesting that
some of the same coding at play in development may continue
to be active in the adult. However, the mechanisms by which
this specification is generated and maintained are unknown.
Additionally, the production of particular olfactory interneuron
types appears to decline after birth, indicating that the repertoire
of neuronal types derived from the VZ-SVZ may change over
time (De Marchis et al., 2007; Kohwi et al., 2007). New studies
on Hh pathway activity within the VZ-SVZ highlight one potential
pathway involved in regional fate specification. The transcription
factor gli1, which indicates high levels of pathway activation, is
expressed predominantly in the ventral half of the VZ-SVZ (Mac-
hold et al., 2003; Palma et al., 2005), a region that is associated
Figure 2. The Adult VZ-SVZ Niche Is Patterned and Heterogeneous
A coronal section of the mouse olfactory bulb is shown at top. Neuroblasts
derived from the VZ-SVZ enter at the core of the olfactory bulb (at bottom of
image), then migrate radially to populate the granular layer (GRL) and
glomerular layer (GCL) of the olfactory bulb. Color gradients in the mouse brain
depicted at bottom indicate the sites of origin of the differently colored
olfactory neurons. The ventral VZ-SVZ principally generates deep granule cells
(purple) and calbindin-positive periglomerular cells (magenta). Deep granule
cells typically have cell bodies close to the core of the olfactory bulb and
dendritic projections that contact the inner half of the external plexiform layer
(EPL), close to the mitral cell layer (ML). The dorsal SVZ, by contrast, produces
superficial granule cells (green) and tyrosine hydroxylase-positive peri-
glomerular cells (teal). Finally, the medial face of the VZ-SVZ generates cal-
retinin-positive superficial granule cells (yellow) and periglomerular cells
(orange). Note that periglomerular cells tend to be produced in more anterior
regions of the VZ-SVZ, as indicated by the gradients shown in the lower image.
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positive PGCs (Ihrie et al., 2011). It is likely that additional
signaling pathways are activated in the other subregions of the
adult VZ-SVZ and maintain the heterogeneous patterning of
neural progenitors.
Cell Division, Specification, and Long-Term Survival:
Open Questions for the Future
Our knowledge of the anatomy and molecular properties of the
adult VZ-SVZ stem cell niche has advanced significantly in thepast decade. Anumber of studies have implicated variousgrowth
factors, neurotransmitters, morphogens, epigenetic regulators,
and transcription factors in the maintenance of the stem cell
pool, activation of progenitors, and neuroblast migration. We
also know that the precisemosaic patterning of the adult VZ-SVZ
is present at birth, even before this germinal region has reached
a fully mature state. How the effects of the multiple signaling
pathways we describe here are integrated within the progenitors
of the VZ-SVZ is a particularly important challenge for future
research. Higher resolution subcellular localization of specific
receptors coupled to dynamic studies of lineage progression
may provide important clues to when and where different extra-
cellular molecules have their effects. However, many other
fundamental questions remain unanswered. First, the lineage of
an individual stem cell in vivo has not been traced—we do not
know how many times a single stem cell divides, how many of
these divisions are self-renewing, or whether this varies depend-
ing on location. Recent in vitro studies have begun to suggest
possible lineages and patterns of cell division in intermediate
progenitor cells that generate young neurons (Costa et al.,
2011). Neurogenesis also decreases significantly with age (Kip-
pin et al., 2005b; Luo et al., 2006; Molofsky et al., 2006). Little is
known about how the pattern of stem cell division might change
with age andwhether the pool of quiescent stem cells is depleted
with time or if these cells are prevented from proliferating. The
effect of niche-specific factors on the long-term retention of
stem cells is largely unknown.
Second, although anatomical studies have highlighted the
organization of the apical surface of the adult VZ-SVZ, we do
not know whether ventricular contact by type B cells is essential
for their activation or specification. Although multiple candidate
pathways may signal through the primary cilia of type B1 cells,
the role of primary cilia in adult VZ-SVZ neural stem cells remains
unknown. It is unclear whether signals such as Shh are provided
through the cerebrospinal fluid, through more specialized
contacts on the ventricular surface, or even through interactions
in the basal compartment distant from the primary cilium.
Third, the collection of molecular markers that distinguish
astrocyte-like stem cells in the adult VZ-SVZ niche from astro-
cytes elsewhere in the brain has not been elucidated. It has
been suggested that a wounding stimulus elsewhere in the brain
may create a temporarily permissive environment that resembles
the stem cell niche, but the signals involved in this environment
are unknown (Buffo et al., 2008). Equally interesting is the
suggestion that reactive astrocytes located outside the adult
VZ-SVZ may be induced to behave as neural progenitors (Robel
et al., 2011). Fourth, the finding that the adult VZ-SVZ is pat-
terned as a spatial mosaic raises questions about the initiation
and maintenance of this pattern—principally, at what time in
development do individual progenitors become committed to a
particular neuronal fate, and what pathways are associated
with the generation of specific types of neurons?
Finally, the field awaits the application of the many discoveries
in model organisms to our knowledge of the human VZ-SVZ
during development, in the mature brain, and after disease or
injury. The majority of detailed studies of the adult VZ-SVZ niche
have been completed in rodents, but therapeutic application of
our understanding of neural stem cells will require knowledge ofNeuron 70, May 26, 2011 ª2011 Elsevier Inc. 681
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parative studies in mammals have highlighted differences in
anatomy andproliferative activity between species (Pe´rez-Martı´n
et al., 2000; Kornack and Rakic, 2001; Luzzati et al., 2003; Sawa-
moto et al., 2011). Although neurospheres can be isolated from
adult human VZ-SVZ (Kukekov et al., 1999; Sanai et al., 2004),
proliferation levels in this region are significantly lower than the
rates observed in mouse, and there has been extensive debate
over whether chains of migrating neurons are present in the adult
human brain (Sanai et al., 2004, 2007; Quin˜ones-Hinojosa et al.,
2006; Curtis et al., 2007). Recent studies of the developing fetal
brain suggest that more robust neuronal production and migra-
tion may occur earlier in the development of this region (Guer-
rero-Ca´zares et al., 2011). Determining the capacity of human
VZ-SVZ cells to proliferate and generate immature neurons as
the brain develops, matures, and ages will be essential to har-
nessing the potential of these cells for therapeutic ends. Inmodel
organisms and humans, understanding how the many structural
and molecular elements within this region interact to maintain
stem cell self-renewal and neurogenesis will be a fascinating
challenge as the field advances. Already, our maturing knowl-
edge of how stem cells and neurogenesis are maintained begins
to point the way toward expanding and reprogramming these
progenitors for neuronal and glial replacement.
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